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ABSTRACT: We present a first-principles-based formalism to provide a quantitative
measure of the thermodynamic instability and propensity for electrochemical stabilization,
passivation, or corrosion of metastable materials in aqueous media. We demonstrate that
this formalism can assess the relative Gibbs free energy of candidate materials in aqueous
media as well as their decomposition products, combining solid and aqueous phases, as a
function of pH and potential. On the basis of benchmarking against 20 stable as well as
metastable materials reported in the literature and also our experimental characterization of
metastable triclinic-FeVO,, we present quantitative estimates for the relative Gibbs free g 735 ¢
energy and corresponding aqueous regimes where these materials are most likely to be E

FeVO,

8 04 00 -04
(V vs RHE)

stable, form inert passivating films, or steadily corrode to aqueous species. Furthermore, we
show that the structure and composition of the passivating films formed on triclinic-FeVO, are also in excellent agreement with
the Point Defect Model, as proposed by the corrosion community. An open-source web application based on the formalism is

made available at https://materialsproject.org.

Bl INTRODUCTION

The economic cost of environmental degradation of materials
has been estimated to be over 200 billion dollars in the U.S.
economy alone." Corrosion management, improvement in
performance, and an increased operational life of materials for
household appliances, infrastructure, vehicles, and manufactur-
ing calls for an improved understanding of materials stability
under varying alkalinity, humidity, temperature, and pollutant
conditions. Furthermore, aqueous media-based electrochemical
processes such as water purification and catalysis routinely
operate devices at finite potentials and pH where materials
stability is strikingly different from ambient conditions.

A concise equilibrium thermodynamics-based understanding
of elemental corrosion in aqueous media can be accurately
obtained from the so-called Pourbaix diagrams which indicate
the potential and pH ranges where the different multi-
component oxidation states of materials exist. Marcel Pourbaix
and others have collected thermodynamic data for reactions
involving metals, their ions, their oxides, and occasionally
sulfides, providing the electrochemical phase diagrams for ca.
85 elements in the periodic table.”~* While the electrochemical
stability of elements has been studied extensively, only a small
fraction of binary materials and seldom ternary and higher-
component materials have been investigated experimentally.

Recently, Persson et al. used first-principles density-func-
tional theory (DFT)-based thermodynamic energies of solids in
conjunction with experimentally available ion and aqueous
species energies to predict Pourbaix diagrams of n-component
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materials (n = 1 to 00).” This formalism has reproduced the
thermodynamic electrochemical stability of all experimentally
investigated n = 1 systems, and to date, successfully predicted
the electrochemical stability of several complex materials such
as Mn,V,0,,° MnNiO,, Cu—V—oxides,” and nanoclusters.® In
principle, Pourbaix diagrams account for materials only at
thermodynamic equilibrium, providing no insight into the
electrochemical stability of metastable materials which find
practical applications in many commercial applications and
research such as steels,” ceramics,'® photocatalysis,11 and
optoelectronics.'” Furthermore, among the 29902 unique
bulk crystalline phases reported in the Inorganic Crystal
Structure Database (ICSD),"’ the first-principles-based, zero-
temperature Materials Project database computations predict
that 50.5 + 4% (15097) of the experimentally synthesized
structures are metastable solid-state phases.'*

We expand the formalism of Persson et al. to enable the
evaluation of the relative Gibbs free energy of metastable
materials as a function of pH, potential, temperature, and
concentration of aqueous species. Note that while this
formalism accounts for the experimentally measured entropy
of several gases, water and all aqueous species, we neglect the
entropic contributions for the solids toward Gibbs free energies
since the solid—solid entropy differences are likely to be orders
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Figure 1. Computationally predicted Pourbaix diagram of the Fe—V—O—H system. The Gibbs free energy, AG,,, of the metastable triclinic-FeVO,
phase with respect to the Pourbaix stable phases is superimposed and represented by the color bar. The lowest value of AG,, for FeVO, is 0.34 eV/
atom at pH 1.63 and voltage of E = 0.85 V, where it is predicted to phase transform to Fe,V,0,; and Fe,05, a solid-state reaction enabled by the
stability of both reaction products under this electrochemical condition. The red dashed lines denote potentials of 0 V vs RHE and 1.23 V vs RHE.

of magnitude smaller than the enthalpic contributions at room
temperature.”> We demonstrate that materials with decom-
position Gibbs free energies as high as 0.5 eV/atom have been
reported as stable against corrosion due to self-passivation and
formation of more stable solid-state surface phases. An excellent
correlation is found between the Gibbs free energy and
propensity of 20 materials (including GaP, Zn(FeO,), Si,
WSe,, GaAs, Fe,0;, WO,;, and TiO,) reported in the
experimental literature, to be stable, passivate or corrode. In
addition, we grow the metastable triclinic-FeVO, phase and
show that the electrochemical response of FeVO, is in excellent
agreement with the computational predictions with respect to
both the stability and composition of the self-passivated layers,
as applicable. The instability landscape reported in this article
provides a critical guide toward environmental degradation
management as well as design of metastable materials or
protective films in materials of all classes for aqueous media-
based applications. Further, we suggest that an a priori
knowledge of the passivation layer composition can aid the
kinetic and phenomenological Point Defect Model'® to predict
the microstructure, passivation layer thickness, and the kinetic
stability of self-passivating films.

The formalism is made available through a user-friendly web-
based app which allows for the generation and assessment of
the metastability of over 69 000 materials, including estimation
of pH, concentration, and potential dependent composition of
possible passivation layers, available at https://materialsproject.
org.

B METHODS

Mapping Pourbaix diagrams for multicomponent systems requires the
knowledge of equilibrium redox reactions as well as the standard state
reaction Gibbs free energy of each redox reaction, A,G°. For example,
a binary M—X system in aqueous media can result in a redox reaction
such as

aM(s) + bX(s) + cH,0(1)
- M X,0HY(aq) + (2c — d)H + (2c — d + m)e” (1)

where a, b, ¢, and d are the stoichiometric coefficients of M, X, O, and
H, respectively, and m is the charge on the aqueous species M, X, 0 H}f
which could be positive, negative, or zero. The number of competing
redox reactions scales rapidly with the number of elements considered
to compute the Pourbaix diagram. For instance, for a Fe—V system,
there are 11 experimentally reported Fe-containing and 14 V-
containing (positively charged, negatively charged, or neutral) aqueous
species, along with 14 ground-state solids containing one or more of
Fe, V, or O elements. At equilibrium, the Nernst equation can be used
to relate the cell potential, E°, to the reaction Gibbs free energy, A.G,
for each possible redox reaction. For instance,

~—vFE°=AG=AG"+RT InQ (2)
(ap)”.(an+)" }

—AGO 4 RT In | 2R \0me) 3

" [(an)'-(arﬂzo)“’ @

)P
=A,G°+2303 RT log [ (ar)

W} —2303h RTpH (4)

where T is the temperature, F is the Faraday constant, R is the
ideal gas constant, pH is —log(H*), v = (2c — d + m) is the
number of electrons, ay = ays)ax() is the activity of the
reactants, ap = ayx,0p" is the activity of the products, afj o =

ajy,o is the activity of water, and “1;11* = agf_d) is the activity of

hydrogen ions for the reaction in eq 1. In principle, identifying
the redox reaction that minimizes the difference between the
contribution from the cell potential and the reaction Gibbs free
energy, min(A,G + vFE®), is sufficient to identify the range of
pH and E where a particular solid or ionic species is stabilized
over others for a given temperature, concentration of ions, and
stiochiometry of elements under consideration.

However, the lack of complete knowledge of possible redox
reactions is the limiting factor in this analysis. In previous efforts,
computed crystalline solid energies have been combined with
experimentally measured free energies of aqueous species, which are
readily available in thermodynamic databases.® A thorough description
of the scheme of reference energies which allows for the combination
of experimental and computational thermodynamic data can be found
in ref S. Furthermore, computational materials data are available in
larger and more comprehensive quantities than ever before through
efforts like The Materials Proje:ct,17 OQMD,"® and aflowlib."® The
experimentally measured energies of aqueous species,”'>***" totaling
362, corresponding to 80 elements in the periodic table, are also
available through the Materials Project APL>* Among the 69 640
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currently available materials in the Materials Project database, 34 913
materials correspond to compounds in the ICSD, 23 776 are ground
states, and the intersection of these sets contains 18 993 compounds.
In conjunction with 362 jonic energies for 80 elements in the periodic
table, the electrochemical stability for the 23776 ground-state
structures can already be determined.

We update the formalism of Persson et al’ to include redox
reactions corresponding to an arbitrary metastable material. Metastable
materials cannot result in thermodynamically favorable redox
reactions; thus, we estimate their Gibbs free energy difference with
respect to the Pourbaix stable domains as a function of pH and E,
providing electrochemical instability maps for arbitrary metastable
materials. This Gibbs free energy difference, AG,,, thus includes the
instabilities arising from the enthalpy difference with respect to the
likely decomposition products of the metastable material at zero
pressure and zero temperature, also known as energy above the convex
hull, AH,;,4, and contributions from the pH and voltage factors of eq
4. For detailed information on the mathematical implementation,
please refer to the pymatgen python package.”®

As an example, Figure 1 shows the Pourbaix diagram of the Fe—V—
O—H system with a 1:1 composition of Fe and V in an infinite
reservoir of water. An ionic concentration of 10> M of both Fe and V
species, an activity of solids of 1, temperature of 298 K, and a pressure
of 1 atm is used for the analysis of Fe—=V—O—H and all systems
described henceforth, unless otherwise noted. The ground-state solids
relevant to the Fe—V—O—H system, that is, FeO, Fe,0; Fe;0,,
Fe,V,0y;, Fe;V, FeV, VO,, V,0;, V;0,, and V,Os, are mapped in the
Pourbaix diagram, and their stability regions can be identified through
inspection of the figure. However, the metastable triclinic phase of
FeVO, is not visibly represented in the equilibrium Pourbaix diagram.
Under ambient pressure, this phase exhibits a AH;y = 0.34 eV/atom
for a 1:1 spontaneous decomposition to the stable Fe,O; and
Fe,V,0y; solids. The AG,, with respect to the Pourbaix stable
domains, superimposed on the Pourbaix diagram, enables estimation
of the instability of FeVO, against all possible combinations of solid as
well as aqueous species. We note that the most favorable AG,, for
FeVO, occurs where it is expected to decompose into Fe,V,0,; and
Fe,0; in equal amounts to maintain the 1:1 stoichiometry of Fe and V.
The minimum of the AprX = 0.34 eV/atom is found at pH 1.63 and E
= 1.85 V, which includes the AH, ;4 and no contributions from the
potential and pH factors are expected based on the redox reactions.
The AG,, increases rapidly beyond the stability domain of Fe,V,0,3
and Fe,0;, indicating that it is progressively likely that the Pourbaix-
determined phases will be more favorable than the metastable FeVO,.
Similar plots were created for all the materials studied in this work.

To assess the AG,,, which can be tolerated due to high barriers for
solid—solid phase transformations or mitigated by dissolution—
precipitation-assisted surface passivation, we compare the predicted
AG,, with the electrochemical behavior of materials reported in the
experimental literature. In the next section we show examples of
materials with AG,,, up to 0.5 eV/atom have been experimentally
reported as stable within some observation time. While the
thermodynamic driving force for dissolution is an important metric,
we find that it is equally important to consider the nature of the
decomposition products, for example, whether they form aqueous
ions, solid phases, or a combination thereof. For materials where
AG, > 0 and self-passivating layers form on the surface of the
materials, we show that the predicted passivation layer compositions
are in agreement with experimentally observed passivation layer
compositions.

Methods for the model validation experiments are described in the
Supporting Information.

B RESULTS AND DISCUSSION

Validation Against Experimental Reports in the
Literature. Figure 2 shows the theoretically computed AG,
for ca. 20 well-known photoanode materials. We choose
photoanode materials for a comparison of the theoretical
predictions with experimental reports in the literature since
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Figure 2. AG,, of photoanode materials at 1.5 V vs RHE at pH values

corresponding to those in experimental reports, listed in Table 1.
Materials which are expected to remain stable or decompose to only
solid species are shown as circles. Those which decompose to solids as
well as aqueous species are shown as triangles and the ones which are
expected to dissociate to only aqueous species are shown as cross
symbols. Refer to Table 1 for details of the decomposed species. The
driving forces to stabilize materials with energies marked in region (i)
can be due to ionic concentration fluctuations, those marked in region
(i) could be due to temperature fluctuations and those by region (iii)
due to activation energy barriers. Furthermore, operational stability
can also be obtained due to formation of inert passivation layers.

numerous studies report the electrochemical stability of
photoanode materials. After the discovery of the first
photoanode material in 1972, TiO,,** over 130 semi-
conductors, including oxides, sulfides, and phosphides,11 have
been extensively studied to improve, among other properties,
their aqueous stability and operational life. The AG, is
computed for a potential of 1.5 V vs RHE (which accounts for
the 1.23 eV free energy of water splitting and an overpotential
of 0.27 eV that is typically required for electrocatalysis) and pH
values corresponding to the experimental measurements in the
literature (Table 1).

The 12 metastable materials, anatase—TiO,, a-Cu,V,0,, a-
CuV,0¢ BiVO,, y-CuV,0g BiFeO,, Fe,TiO;, a-Cu;V,0,
Cu;; V50, CuWO,, FeV,0,, and FeVO, have AH, 4 ranging
from 0.01 eV/atom, for anatase—TiO,, to 0.11 eV/atom, for
FeVO,. The remaining 13 materials, Zn(FeO,),, Bi,MoO,
WO,, Fe,0, BL,WO, Fe,V,0,5 B-Cu,V,0, WSe, CdS,
GaAs, InP, GaP, and Si, are thermodynamically stable materials,
that is, their AH, ;4 = 0 eV/atom.

Evidently, the AG,,, should be zero for the electrochemically
stable compounds. However, somewhat surprisingly, excluding
the spinel ZnFe,O, and the orthorhombic WO, all the
materials which are found to be stable experimentally have a
AG, > 0, up to 0.5 eV/atom. Our calculations predict that
WO, has a AGy, = 0 for pH < 4 solutions and it has also been
reported to be stable experimentally at pH < 4.°%%°
Furthermore, at higher pH values it has been observed to
corrode, which is in agreement with the prediction that the
orthorhombic WOj; should dissolve as WO,™ ions with AG,,
of up to 1 eV/atom. The spinel structure of ZnFe,0, has AG,
= 0 eV/atom over a large alkaline range, pH 7—14; however, no
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Table 1. Predicted Stable Species in Aqueous Media,
Decomposed Species, and AGyy,, in eV/atom, of 25
Materials in Water at 1.5 V vs RHE”

decomposed
material AGp,  pHgygp species mp-id reference
Zn(Fe0,), 0.00 13 Zn(Fe0,), (s) mp- 27, 28
19313
WO, 0.00 3 WO, (s) mp- 25
19342
Fe,0; 0.00 9  Fe,0; (s) mp- 29, 31
24972
TiO, 0.02 7 TiO, (s) mp-390 30, 31
Bi,MoOg¢ 0.05 7 Bi,MoOq (s) mp- 32
25708
Fe,TiO; 0.06 14 Fe,0; (s) + TiO, mp- 39
(s) 24977
Bi,WOy 0.06 7 B0, (s) + mp- 33
WO, 25730
BiFeO, 0.19 8  Fe,0,(s) +Bi,0, mp- 34,35
(s) 24932
CuWO, 0.39 S Cu04(s) + mp- 26, 40
WO, 510632
BiVO, 0.59 7 Bi,0, (s) + VO,” mp- 36-38
504878
Cu,;;VgOy 0.87 9  Cu0;(s) + mp- 7, 41
VO, 505456
Fe,V,0y; 0.90 7 Fe,0;(s) +VO,~ mp- 42
565529
7-Cu;V,04 0.90 9  CuyO; (s) + mp- 7, 41, 43
. 504747
a-Cu;V,0q 0.92 9 Cu,05 (s) + mp- 7, 41
VO,” 600273
/-Cu,V,0, 1.00 9  Cu0, (s) + mp- 7, 44
VO, 559660
FeVO, 1.01 7  Fe,0;(s) +VO,~ mp- 45, 46
540630
a-Cu,V,0, 1.02 9 Cu,05 (s) + mp- 7, 44
VO, 505508
a-CuV,04 1.28 9  Cu0; (s) + mp- 7, 47
VO, 741706
EeV,0, 3.10 7 Fe,04 (s) + VO, mp- 45
510496
WSe, 5.38 1 WO, (s) + mp-1821 48
HSeO,~
Cds 5.58 9 Cd +S0.” mp-672 49, 50
GaAs 6.77 14 AsO,/” + GaOy>~ mp-2534 25, 31, 51,
52
InP 8.01 9  InO4 (s) + mp- 25, 53
HPO,*~ 20351
GaP 8.15 9 Ga0s (s) + mp-2490 25, 31
HPO,>
Si 1045 9 H,Si0, (aq) mp-149 25,31

“The pH values, pHg,, correspond to the pH values in the
measurements carried out in the listed references. The Materials
Project material ids (mp-id) corresponding to the materials are listed
as well.

experimental reports of the electrochemical stability could be
identified in the literature.””*® For further details, see Figure S1
in the Supporting Information for pH-dependent AG, and
decomposition products of all the materials at 1.5 V (all
voltages here on are vs RHE).

Among those materials which exhibit a AG, > 0 but are still
found to be stable experimentally, Fe,0; exhibits a AGy, =
0.001 eV/atom at pH 2—12 which is within the numerical
accuracy of DFT. Experimental measurements are in excellent
agreement, showing that Fe,O; indeed exhibits a large pH
stability window from 2 to 14.”” The widely used photoanode,
anatase—TiO,, also has a small AGy,, = 0.02 eV/atom against

the formation of its polymorph @-TiO,. This small AG, is
found to be insufficient to drive a solid—solid phase
transformation and hence anatase—TiO, is found to be
extremely robust in both alkaline and acidic regions, pH 0—
14.>%%" Bi,MoOg has a slightly larger AG,,, = 0.0 eV/atom
and is predicted to dissociate to Bi,O, and MoO, ™ at pH 7 and
1.4 V, but is found to be stable experimentally.”” At pH 7,
Bi,WOg has a AG,,, = 0.06 eV/atom, comparable to that of
Bi,MoQg. Our formalism predicts a thermodynamic liability to
dissociate to Bi,O, and WO,*” under these conditions. Yet,
experimentally it has been observed to exhibit no significant
drop in photocurrent and no obvious change in the
morphology.”® Another material which remains stable despite
a AGy, > 0 is FeBiO;, which at pH 7.5 and 1.7 V is found to be
operationally stable despite the predicted dissociation into
Fe,0; and Bi,0,”*** as expected from our thermodynamic
predictions. The most extreme of these examples is the
monoclinic scheelite BiVO, which has attracted recent interest
due to conflicting reports of aqueous stability. The material was
deemed stable®® at pH 7 which corresponds to a very large
AGpy = 0.59. Similarly, at pH 6.6, E = 1.41 V, where AG,,, =
0.4S eV/atom, no change in the X-ray diffraction (XRD)
pattern or optical absorbance of BiVO, was observed.”” On the
other hand, recent combined experimental and computational
work shows that BiVO, corrodes in alkaline pH at 1.23 V.**

In contrast, materials with AG,, > 5.5 eV/atom, that is, Si,
GaAs, InP, CdS, and InP, corrode vigorous.ly.‘w_52 We note
that these five materials are predicted to either decompose to
only aqueous or a combination of oxides and aqueous species.
None of them exhibit instability to only solid phases.
Consequently, these materials are coated with more stable
materials such as TiO, and Fe,0,’""® when used as
photoanodes.

All other examined materials are found to self-passivate with
passivation layers whose compositions are in excellent agree-
ment with those predicted theoretically. For instance, WSe, is
predicted to dissociate to WO, and solvated Se atoms as
HSeO,™ ions with a AGy, = 4.96 eV/atom at pH 1 and E =
1.43 V, in excellent agreement with the experimental
observation that, in perchloric acid, pH 0.4—1.0, and at 1.43
V, WSe, forms a thin porous WO, passivation layer.”® In
another case, it is observed experimentally that mesoporous
films of Fe,TiO; form self-passivating films composed of a
mixture of mesoporous Fe,TiO;, Fe,O; and Fe-doped
anatase—TiO,”” at pH 13.9. Even though a direct comparison
cannot be made between the experiments for the mesoporous
Fe,TiO; and our calculations for crystalline Fe,TiO;, we
predict that crystalline Fe,TiOs should indeed decompose to
Fe,0; and TiO, with a AG,;,, = 0.06 eV/atom. Another class of
materials, copper vanadates, are shown to form self-passivating
layers in the alkaline region”*"** at pH 7-13. This is in
agreement with the large AG,;, of the Cu vanadates, exceeding
1 eV/atom, and a prediction that they dissociate to Cu,O3 and
VO, ions in aqueous solution.

Several other experimental reports provide indirect evidence
for the formation of self-passivation layers. For example,
FeV,0, at pH 7 is found to remain almost stable with about
20% change in current density at 1.0 V.** It is likely that the
reduction in the current density could be due to the formation
of Fe,O; passivation layers when V dissolves as VO, .
However, photodegradation and formation of solid electrolyte
deposits could also be a cause of the decrease in FeV,0, film’s
current density. Similar Gibbs free energy based metric was
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used to predict the aqueous stability of Li- and Na-based
materials which are used as solid electrolytes.”* However,
stability and passivation film composition were not verified due
to limited experimental literature.

Hence, we surmise that materials with AGy, up to high
values of as much as 0.5 eV/atom can persist in electrochemical
environments due to two possible reasons. First, the energy
gained via dissociation to the Pourbaix stable domains may not
be sufficient to overcome the energy barrier for the dissociation
reactions. Energy barriers for bulk solid-state transformations
are found to be well below 1 eV/atom, greatly depending on
the system under consideration.”” >* Second, if the decom-
position products include a major contribution from solid-state
phase(s), preferential dissolution of some species can enable
formation of a self-passivating interphase, which will protect the
underlying material. Furthermore, we note that fluctuations in
the ionic concentration and temperature can contribute
significantly to the corrosion/passivation process. For example,
2 orders of magnitude increase in the ionic concentration can
result in up to 2 X 2.303 X RT/F (0.118 eV/atom for T = 298
K or 0.128 eV/atom for T 323 K) reduction in the
decomposition energy. Considering possible selective thermo-
dynamic dissolution and precipitation of different species, it is
likely that materials will be immune to corrosion by self-
passivation at AGy, energies which are of the order of a
fraction of an eV/atom. Needless to say, the maximum AGj,
up to which a material is stable is very much dependent on the
system and small changes in the ionic concentration or small
adjustments in pH and potential can be helpful in stabilizing
materials.

While crystalline materials were used as inputs for the
theoretical analysis, the experimental reports of the 20 materials
encompassed crystalline, amorphous, and porous phases
synthesized under different conditions. These materials
comprise different chemistries—oxides, phosphides, sulfides,
selenides, and arsenides—and were investigated under different
electrolytes and electrolyte concentrations. In addition, while
the photoanode surfaces were characterized carefully in some
reports, the stability and surface composition of several
photoanodes were more indirect.

Experimental Validation for Triclinic-FeVO,. As further
validation of our methodology and to explore the importance of
our identification and classification of decomposition products,
we perform experiments based on the calculations of Figure 1.
A thin film of the metastable triclinic-FeVO,, which has AH_ ;4
= 0.11 eV/atom, was grown via sputtering (see Supporting
Information). We studied the elemental etch rates and surface
compositions before and after the electrochemical reactions at
various voltages in an acidic solution of pH 2.9 and compared
them to our calculations.

Table 2 shows the electrochemical response of FeVO, at this
pH for various voltages as expected from our calculations. At
voltages of —0.4 and 0.0 V, FeVO, is expected to form a coating
of bixbyite-type V,0; concurrently losing Fe as Fe*" ions. At
the voltage of 0.4 V our calculations predict it to corrode into
primarily Fe** and VO?* ions. At a higher voltage of 0.8 V it is
predicted to phase transform into monoclinic Fe,V,O,; and a-
Fe,O;. Finally, at 1.2 and 1.6 V a coating of a-Fe,0 is expected
with loss of V as VO, ions.

A thin film composition library of Fe,_,V,O, was synthesized
by combinatorial sputtering of Fe and V metal targets on
fluorine-doped tin oxide (FTO)-coated glass substrate. The
FeVO, phase-pure regions in this composition library were
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Table 2. Predicted Stable Species in Aqueous Media,
Decomposed Species, and AG,, of the Triclinic-FeVO, in
Water at a pH of 2.9 and Potentials, E, Ranging from —0.4 to
1.6 V vs RHE

E vs RHE AG, (eV/atom) decomposed species
—04 1.64 V,0; (s) + Fe**
0.0 1.04 V,0; (s) + Fe**
0.4 0.62 Fe** + VO™
0.8 0.34 Fe,V,05 (s) + Fe,05 (s)
12 0.59 Fe,0; (s) + VO,
1.6 0.99 Fe,0; (s) + VO,

determined using XRD. As expected, X-ray photoelectron
spectroscopy (XPS, performed after air exposure) revealed the
presence of Fe’* and V' in these samples in approximately
equal amounts (see Figure S3). To assess the electrochemical
stability of these phase-pure FeVO, samples, six as-deposited
samples were polarized at —0.4, 0.0, 0.4, 0.8, 1.2, and 1.6 V
(separately) in an aqueous electrolyte solution buffered at pH
2.9 (0.1 M potassium phosphate, 0.04 M phosphoric acid with
0.25 M sodium sulfate) for 15 min. To maintain a low ionic
concentration in the solution over the course of this
electrochemical process, it was performed in a scanning droplet
cell with a rapid solution flow (approximately 0.5 L cm™ s™*')
over the working electrode. XRD-determined phases, the X-ray
fluorescence (XRF)-determined molar concentrations of Fe
and V and the XPS-determined surface compositions, were
measured both before and after exposure to the aqueous
electrochemical environment.

As the entire film thickness is within the sampling depth of
XRF, comparison of the pre- and postelectrochemisty Fe and V
molar concentrations provides an estimate of the average
elemental etching rate during the experiments. Two example
XREF spectra of films pre- and postelectrochemistry at potentials
of 0.4 and 0.8 V are shown in parts (a) and (b), respectively, of
Figure 3. The V K, and Fe K, peaks were used for
quantification of elemental concentrations and ultimately the

Sn Ly
2x10 0.4V vs RHE N— as-prepared
- == post-electrochemistry
>
b=
n
c
3
£ M
LL
o
X

(a)

04
4
2x10 0.8V vs RHE Snly — as-prepared
- - - - post-electrochemistry
Pl
o
‘a Fe K,
c
9 11 VK,
£
[T
<
Snly Fe Ky
VK,
O_ T T T T
4 5 6 7
(b) Energy (kV)

Figure 3. XRF spectra for FeVO, sample before and after 15 min
electrochemical stability measurement in pH 2.9 under the potential of
(a) 0.4 V and (b) 0.8 V vs RHE.
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average etch rates shown in Figure 4a. At 0.4 V, about 50%
drop in the intensities of these peaks indicates that
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Figure 4. (a) Etching rate of Fe and V over 15 min aqueous
electrochemical operations at pH 2.9 as a function of applied potential.
The calculated stable species in the four pertinent voltage ranges, I—
IV, are shown in background color where corroding species are in bold
italics. (b) Schematic of the morphology of FeVO, in the presence of
water under a steady state flow of the majority ions through the solid/
liquid interface in regions I-IV corresponding to the voltage ranges
marked in (a).

approximately half of the FeVO, film corroded away during
the 15 min experiment, which is also supported by the XRD
characterization of the sample (see Figure S2) which shows the
same FeVO, pattern but with approximately half the intensity
in the postelectrochemistry measurement compared to that in
the as-prepared measurement. The XPS signal from this sample
(Figure S3) shows a peak corresponding to Sn from the FTO
conducting layer, indicating that some regions of the thin film
dissolved completely.

No change in FeVO, was observed in XRD characterization
of the samples held at other potentials (Figure S2). However,
the postelectrochemistry measurements included a signal from
the electrolyte salt, indicating that, upon drying of the samples,
some electrolyte salts precipitated on each sample’s surface. As
a result, Na, S, and P were detected in the postelectrochemistry
XRF signals (Figure 3). To understand the effect of the salt
coating on the XRF measurement, we inspect the Si and Fe
signals from the substrate and Sn signal from the FTO Ilayer,
whose slightly lowered intensity in the postelectrochemistry
measurement demonstrates that the salt coating attenuates the
XREF signal, resulting in a small apparent corrosion rate for both
Fe and V even in the absence of corrosion. Consequently,
Figure 4a provides an upper bound for the elemental etch rate
of FeVO,.

Only the 0.4 V sample exhibited substantial corrosion, which
is consistent with the theoretical prediction that all decom-
position products are solution-phase species at that condition.
At all the remaining potentials, the elemental etch rates are
nearly zero, in agreement with the theoretical results which
predict that self-passivating coatings should be formed on the
surface of FeVO,. At 0.8 V, the XRD signal shows (see Figure
S2) that the FeVO, crystal structure was unchanged, indicating
that the FeVO, most likely did not transform to the predicted
solid products (Fe,V,0,; and Fe,0;). This could possibly be
due to the relatively low driving force (Aprx = 0336 eV/
atom) for such a large solid—solid structural reorganization and

no assistance from selective dissolution—preciptation processes
as both Fe and V are predicted as stable against dissolution
under these conditions.

The electrolyte salt coating on the electrochemically
processed films resulted in relatively low Fe and V signals in
the XPS spectra. The Fe 2p and V 2p XPS signals were
compared with literature spectra for various species, indicating
that the Fe®* and V°* species of the as-prepared film remain for
films polarized at or above 0.8 V, which is commensurate with
the prediction of phase stability and passivation by Fe,O; in
this voltage range. The films operated at —0.4 and 0 V contain
lower-valent V, which is commensurate with the prediction of
passivation by V,0; under these conditions. Overall, these
experiments demonstrate excellent agreement with the
theoretical predictions and reveal that FeVO, does self-
passivate at both low and high potential where a stable binary
oxide is predicted to result from FeVO, decomposition.

Interestingly, at the potentials of —0.4 and 0 V, the XPS
measurements show the presence of both Fe** and Fe* species
(see Figure S3) in the film. The existence of Fe** species can be
attributed to the pristine FeVO, bulk. However, the presence of
Fe®" species cannot be attributed to the formation of the V,04
passivating layers or to the FeVO, bulk. In this context, we
explain the presence of the Fe?* species and the formation of
the stable passivation layers using the concept of interfacial
dissolution—precipitation processes and the Point Defect
Model (PDM).'*>*® The PDM postulates the existence of
highly defective interfacial passivation layers (cation vacancies,
cation interstitials, and oxygen vacancies) that grow directly
between the bulk and an exterior layer that forms via the
hydrolysis of ions transmitted through the interfacial layer and
the subsequent precipitation of a hydroxide, oxyhydroxide, or
oxide depending upon the conditions. Under steady-state
conditions, the thickness of the passivation layer is controlled
by the standard rate constants for the generation of the defects
in the interfacial layer and dissolution of ions through the
interfacial and outer layers. The presence of Fe*" in the FeVO,
samples operated at —0.4 and 0 V supports the interchange
between the liquid and solid phase, as the stable aqueous
species is Fe**. The highly defective interfacial and outer layers
could contain both Fe’* and Fe®* species in interstitial sites or
in a locally disordered Fe—V—O phase; see voltage range IV of
Figure 4b.

According to the PDM, while the formation of the
passivating layers is a highly reactive thermodynamical process,
the kinetic stability of the films is obtained through a steady
state of defect generation and dissolution at the solid/
passivation-layer/liquid interface. PDM predicts that the
passivating films on FeVO, operated at 12 and 1.6 V are
defective and disordered as well (see region I, Figure 4b);
however, since the cations are in the same oxidations states
both in the bulk material and the passivating films, XPS
measurements are unable to corroborate the PDM predictions
for this potential range. In total, all experimental results are
commensurate with the model predictions.

B SUMMARY AND CONCLUSIONS

In summary, we present a first-principles-based formalism to
assess the propensity of thermodynamically stable as well as
metastable materials toward electrochemical stabilization,
passivation, or corrosion in aqueous media. This formalism
allows us to evaluate the relative Gibbs free energy, AG,, of
arbitrary materials with respect to Pourbaix stable species at any

DOI: 10.1021/acs.chemmater.7b03980
Chem. Mater. 2017, 29, 10159-10167


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03980/suppl_file/cm7b03980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03980/suppl_file/cm7b03980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03980/suppl_file/cm7b03980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03980/suppl_file/cm7b03980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03980/suppl_file/cm7b03980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03980/suppl_file/cm7b03980_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b03980

Chemistry of Materials

pH, voltage, temperature, and concentration of ions. Compar-
ing with experimental reports of 20 materials (including GaP,
Zn(FeO,),, Si, WSe,, GaAs, Fe,0;, WO;, and TiO,) and our
experimental investigations of the metastable triclinic-FeVO,,
we show that materials predicted to have AG,, up to 0.5 eV/
atom may remain stable in aqueous media, depending on the
nature of their predicted decomposition products. High driving
force for decomposition (>0.5 eV/atom) and/or decomposi-
tion to only aqueous species is likely to cause corrosion. On the
other hand, materials that exhibit decomposition to both
aqueous and solid phases can exhibit self-passivation, by
forming more stable solid phases at the interface. In this
context, we find excellent agreement between experimentally
measured and theoretically predicted compositions of passiva-
tion layers for materials which form passivation layers in water.
Hence, the theoretical formalism presented here for estimating
the electrochemical behavior of stable as well as metastable
materials can be used to identify conditions under which
arbitrary materials should form passivation layers and the
composition of these passivation layers. This a priori knowledge
of the passivation film composition can aid in parametrizing the
Point Defect Model within the corrosion community. For
instance, once the passivation composition is known from our
first-principles calculations, the defect diffusion rates can be
computed from atomistic simulations, such as DFT and
molecular dynamics simulations. These parametrized PDMs
can be further used to predict the passivation layer thickness
and the electronic properties of the passivation layers.

Our work represents a clear advancement toward general
corrosion management as well as for optimizing operating
conditions of aqueous-media-based applications like photo-
electrocatalysis. An open-source web application based on the
formalism is available at https://materialsproject.org which can
be used to determine the electrochemical behavior of more
than 69 000 materials available through the Materials Project
database. Moreover, we make the implementation of this
formalism available via the Materials Project github repository
at https://github.com/materialsproject/pymatgen, allowing the
programmatic determination of electrochemical stability of
arbitrary materials not included in the Materials Project
database.
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